Purpose: The purpose of this study was to investigate the displacement of the median nerve in the carpal tunnel during finger motion at varied wrist positions using transverse ultrasound in healthy volunteers, in order to clarify the appropriate position of a wrist splint in treating carpal tunnel syndrome. 
Introduction
Carpal tunnel syndrome (CTS) is one of the most common entrapment neuropathies of the upper extremity in which the median nerve is compressed within the carpal tunnel. The repetitive motion of the fingers and the wrist has frequently been associated with the development of CTS 1 . In particular, a strong pinch or grip associated with wrist flexion is considered to be a risk factor for CTS 2 .
Moreover, repetitive motion may also cause pathological changes in the median nerve and flexor tendons 1 . Fig. 1 Ultrasound examination setup at the wrist neutral position of the median nerve at the wrist 3 8 . During movements of the fingers or wrist, the median nerve moves longitudinally and transversely in response to the motion of the adjacent tendons that move actively in the carpal tunnel 3, 7, 9 . Some studies using transverse ultrasonography have demonstrated that the median nerve is displaced palmarly in active finger flexion and becomes compressed between the transverse carpal ligament and the flexor tendons in both healthy persons and patients with CTS 3 7 . Ultrasonography in vivo could be a useful noninvasive technique to observe and determine mechanical movement quantitatively within the carpal tunnel. Therefore, using ultrasonography to studying the transverse displacement of the median nerve during motions of the wrists and fingers may provide useful information about median nerve kinematic changes in patients with CTS 6 .
Despite the importance of the wrist positions in the pathomechanism of CTS, only a few studies have used ultrasonography to investigate the transverse displacement of the median nerve associated with varied wrist motions 5, 6 . In addition, little research has examined in detail the specific location of the median nerve as a coordinate within the carpal tunnel, although several previous studies have used ultrasonography to evaluated the directions and vectors of the median nerve during finger motion 3, 4, 7, 8 . Demonstrating the location of the median nerve as a coordinate helps provide a more accurate understanding of nerve orientation within the carpal tunnel, such as the start and end points of nerves during wrist and finger motion. Furthermore, the amount of median nerve displacement has previously been examined only as an actual measurement and has not been corrected for individual differences by the size of the carpal tunnel 3 8 .
The purpose of this study was to quantitatively evaluate, with transverse ultrasonography, the location and the displacement of the median nerve as a coordinate within the carpal tunnel at varied wrist positions during finger motion in healthy volunteers. To better understand the kinematics of abnormal nerves in CTS, it is first necessary to identify the movement of normal nerves. This ultrasonographic information could assist in our obtaining a better knowledge and understanding of the biomechanics and pathophysiology of the carpal tunnel. It could also help to improve the analysis and assessment of diagnostic images and the treatment of carpal tunnel syndrome, such as applying a wrist splint.
Materials and Methods
This study protocol was approved by our institutional re- tained from all subjects, we proceeded with the ultrasonographic examination of both wrists.
Ultrasonographic Examination
The subjects were imaged sitting with the elbow flexed, the forearm supinated, and the shoulder in neutral position. The forearm was strapped to a custommade table with the wrist in the neutral position. An ultrasonographic scanner (Mylab Five, Hitachi Medical Corporation, Tokyo, Japan) fitted with an LA332 3.5! 12
MHz Hi-Definition linear array transducer (LA332) was used.
Ultrasonographic examination was performed in a standardized manner by a single orthopedic surgeon (MN) trained in the image acquisition procedure. The transducer was positioned at the level of the carpal tunnel with the wrist in the neutral position (Fig. 1) . A custom-made transducer-fixing device was fastened at the subject's palm to keep the transducer stable during wrist or finger motion. In addition, the transducer was maintained perpendicular to the skin of the wrist to
show both the ridge of the trapezium and the hook of the hamate with reference to a protractor attached to the 
Image Analysis
All recorded images were evaluated, and the initial and final frames of the motion for each finger extension and flexion at each wrist position were determined. From these images, the median nerve, FPL, FDS, and FDP were identified in both the extension and flexion positions of the fingers.
The coordinates of the median nerve were determined as follows (Fig. 3) . The reference point (P) was defined as 
Statistical Analysis
The results were expressed as the mean and standard deviation. The averages of the 3 cycles were calculated.
All analyses were performed with the software program IBM SPSS Statistics 21.0J (IBM Japan Ltd., Tokyo, Japan).
The displacement of the median nerve from the neutral wrist position to the other 4 wrist positions in all 5 fingers was statistically analyzed with the paired t-test. In addition, the median nerve displacement from extension The mean location and standard deviation of the median nerve at the wrist neutral position was 10.5±4.9 in the radial-ulnar direction and 11.0±2.2 in the dorsal-palmar direction.
In the radial-ulnar direction, the median nerve was located significantly (p<0.05) more ulnarly both at the wrist palmar and radial flexion positions than at the wrist neutral position in all 5 fingers full extension (Fig. 4) . The In the dorsal-palmar direction, the median nerve was located significantly (p<0.05) more dorsally at the wrist dorsal flexion than it was at the wrist neutral position in the full extension of all 5 fingers (Fig. 5) . On the other hand, the median nerve was located significantly (p< 0.05) more palmarly at the wrist palmar flexion position than at the wrist neutral position in all 5 fingers extension. There was no significant difference in the median nerve location among the wrist neutral, ulnar, and radial positions in all 5 fingers full extension.
2) Displacement of the Median Nerve at Varied Wrist Positions during All 5 Fingers Motion in the Radialulnar and the Dorsal-palmar Direction
In the radial-ulnar direction and at the wrist neutral, dorsal, and ulnar flexion positions, the median nerve moved significantly (p<0.05) more radially in the full flexion of all 5 fingers than in full extension (Fig. 4) .
At the wrist palmar flexion position, the median nerve moved significantly (p<0.05) more ulnarly in the full flexion of all 5 fingers than in full extension. At the wrist radial flexion position, the median nerve displacement toward the ulnar side was slightly but not significantly larger in the full flexion of all 5 fingers than in full extension.
In the dorsal-palmar direction, at the wrist dorsal, palmar, radial, and ulnar flexion positions, but not in the neutral position, the median nerve moved significantly 
3) Displacement of the Median Nerve at Varied Wrist Positions Comparing All 5 Fingers Motion and Isolated

Thumb Motion
In the radial-ulnar direction, there was no significant difference in the median nerve displacement between all 5 fingers motion and isolated thumb motion (Fig. 4) . Furthermore, the median nerve moved the significantly (p< 0.05) most ulnarly at the wrist palmar flexion position at all wrist positions during finger motion.
In the dorsal-palmar direction, at the wrist palmar and radial flexion positions, the median nerve moved significantly (p<0.05) more palmarly in all 5 fingers flexion than in isolated thumb flexion (Fig. 5) . This fibrosis likely affects the motion characteristics of the SSCT, tendon excursion, and median nerve 11 . The change may also increase the volume of the SSCT and cause elevated shear strain and pressure in the carpal tunnel, which finally can induce CTS 1, 12 . However, repetitive and forceful motion of the fingers and the wrist has been suggested as a risk factor for CTS 13 15 . In addition, it is generally accepted that this mechanical factor is related to the pathological change of the SSCT typically seen in patients with CTS 1,13 . Moreover, we have found that the transverse displacement of the median nerve within the carpal tunnel is affected not only by the wrist motions, but also by finger motion. We showed that with fist and individual thumb motion, the tendons move towards the median nerve, thereby pushing it in either a radial or ulnar direction and in either a dorsal or palmar direction. Their movements of both the median nerve and the flexor tendons were classified to two patterns according to the wrist position (Fig. 7) . In the wrist neutral, dorsal, and ulnar flex- There are some limitations to this study. First, our study has a small sample size. A large sample size would better clarify variations and improve the accuracy in the displacement of the median nerve. Second, we did not evaluate intra-and interobserver differences. Ultrasound measurements are known to be greatly examiner-and experience-dependent, especially with regard to transducer placement. Since all measurements were performed by the same examiner, we were not able to describe interobserver reliability. Additionally, in this study, a custom-made transducer fixing device was fastened at the patient's palm and a custom-made table to keep the transducer stable during wrist or finger motion. Once the transducer was held in position, the examiner could focus only on the screen during finger motion, expectantly reducing examiner dependency. Finally, the kinematics of the median nerve was identified only in normal subjects.
However, we believe that this is a necessary first step before investigating abnormal conditions. Accordingly, the data shown in the current study may be useful as baseline data for future studies in patients with CTS. Now that we have this normal data, we plan to perform a similar study to compare it to measurements in patients with CTS in the future.
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